Evaluating the binding energy of a catechin/caffeine complex in water is important in order to elucidate the ability for molecular recognition of tea catechins. The results of this study revealed that the stoichiometric ratio of the complexation between tea chatechins (EGCg, ECg, EGC, and EC) and caffeine was 1:1 at least up to a concentration of 5.0 mM. The free energy (ÀÁG) values for binding in water at 301 K were evaluated to be 2.7, 2.6, 2.2, and 2.0 kcal/mol for EGCg, ECg, EGC, and EC, respectively, by the titration method with 1 H-NMR. An investigation of the 1 H-NMR chemical shift change and NOESY spectra in the catechin/caffeine solutions showed the participation of the A-rings of the catechins in complexation, as well as that of the galloyl groups or B-rings.
Catechins are a class of polyphenols included in the leaves and buds of the tea plant (Cameria sinensis). They have recently been discovered to have various physiologically modulating effects such as anti-carcinogenic, [1] [2] [3] [4] [5] [6] [7] anti-metastatic, [8] [9] [10] [11] anti-oxidative, [12] [13] [14] [15] antihypertensive, 16) anti-hypercholesterolemic, [17] [18] [19] antibacterial, 20) anti-dental caries, [21] [22] [23] and intestinal flora amelioration activities. 24) Caffeine (1, Fig. 1 ) is also a representative compound contained in the leaves and buds of the tea plant, and has the effect of neurotransmitter metabolism. 25) Interestingly, it is known that polyphenols form complexes with caffeine, especially in black tea and coffee. [26] [27] [28] [29] Maruyama et al. have noted that some gallate-type catechins have a strong affinity with caffeine, and assumed that these catechins bound a caffeine molecule in the space formed from the galloyl group and the B-ring on the basis of 1 H-NMR chemical shift changes in the catechins. 30) Such complexation seemed to be an interesting chemical phenomenon, because there might be a possibility that this complexation regulates the foregoing biological activities. In addition, there is also the possibility that the complexation would affect tea quality as well as the ''creaming'' phenomenon in a black tea infusion. 31) It is therefore important for the binding constants and binding energy of the complexes to be calculated to quantitatively evaluate the differences in binding ability attributed to the structures of polyphenols. Nevertheless, such no thermodynamic parameters for catechin/caffeine systems have previously been determined. Japanese green tea includes (À)-epigallocatechin gallate (EGCg, 2), (À)-epichatechin gallate (ECg, 3), (À)-epigallocatechin (EGC, 4), and (À)-epicatechin (EC, 5) as shown in Fig. 1 as the major catechins, these components attracting a great deal of attention due to their powerful biological activities. Accordingly, in this study, the stoichiometric ratios, binding constants, and binding energy for the complexation between these four tea catechins and caffeine in water were investigated by the titration experiments with NMR spectroscopy. Novel findings on the binding sites of the catechins for caffeine are also described.
Materials and Methods
All chemicals were obtained from commercial sup- Job's plot experiments. Stock solutions of EGCg (2, 5.00 mM), ECg (3, 5.00 mM), EGC (4, 5.00 mM), EC (5, 5.00 mM), and caffeine (1, 5.00 mM) in deuterium oxide buffered at pH 6 with 0.1 M NaH 2 PO 4 /Na 2 HPO 4 were separately prepared. For each catechin/caffeine system, ten NMR tubes were separately filled with 0.550 ml of catechin and caffeine in the following ratios: NOESY experiments. Four sample solutions in deuterium oxide (0.550 ml) including the catechins (0.500 mmol) and caffeine (0.500 mmol) were prepared for each catechin (EGCg 2, ECg 3, EGC 4, and EC 5). NOESY spectra were acquired at 301 K under the following conditions: 3 s of pulse delay time, 1 s of mixing time, 16 acquisition times, 256 f1 and f2 axes data points, and the Sine-bell function as a window function. In the case of the ECg/caffeine system, the mixing time was set to 0.2 s.
Observation of the chemical shift changes of the catechins. Stock solutions of EGCg (2, 2.44 mM), ECg (3, 2.44 mM), EGC (4, 2.44 mM), EC (5, 2.44 mM), and caffeine (1, 22.0 mM) in deuterium oxide buffered at pH 6 with 0.1 M NaH 2 PO 4 /Na 2 HPO 4 were separately prepared. For each catechin/caffeine system, four NMR tubes were separately filled with concentrations of caffeine of 0.00, 1.00, 2.00 and 4.00 mM against a constant concentration of each catechin (2.00 mM) in a 0.550 ml total solution of each.
1 H NMR spectra were obtained for each tube at 301 K.
Results and Discussion
One of practical method for estimating the stoichiometry and binding constants of intermolecular complexation is by a titration experiment with NMR or UVvisible spectroscopy. 32) However, in the case of complexation between the catechins and caffeine, it seems to be difficult for the shifts in wavelength of their UV absorption to be accurately detected, because the absorption band of caffeine virtually overlaps with that of catechin. Accordingly, we tried to evaluate the stoichiometry and binding constants with a method using 1 H-NMR spectroscopy. In respect of the complexation between polyphenols and caffeine, the binding constants of methyl gallate/ caffeine and theaflavin/caffeine systems have been calculated in the area at higher concentration (the $100 mM level) in deuterium oxide/dimethyl sulfoxide (9:1). 33, 34) However, in the case of complexation between a polyphenol and caffeine, especially at a higher concentration, the influence of each self-association might need to be taken into account. In fact, this problem has been resolved by assuming an isodesmic model. 33, 35) In respect of the tea catechins, only the selfassociation constants of EC (6) and (þ)-catechin in water/dimethyl sulfoxide (9:1) 36) and water/ethanol (4:1) 37) (the $50 mM level) have respectively been estimated by the isodesmic model. However, our research revealed that the isodesmic model could not be applied to the gallate-type catechins, because, when estimating the self-association constants of gallate-type catechins was attempted in deuterium oxide/dimethyl sulfoxide (9:1) (the $50 mM level) or in deuterium oxide (the $10 mM level) buffered at pH 6 with 0.1 M NaH 2 PO 4 /Na 2 HPO 4 , unacceptably large errors (more than 100%) were imvolved in the calculated selfassociation constants of gallate-type catechins such as EGCg (2) .
On the basis of the foregoing results and in order to avoid the self-association, estimation of the binding constants and binding energy of the catechin/caffeine systems were examined at a lower concentration in deuterium oxide. First, in order to investigate the stoichiometric ratios of the complexes between each catechin and caffeine in water, Job's plots were made of 1 H-NMR chemical shift changes in deuterium oxide buffered at pH 6 by 0.1 M NaH 2 PO 4 /Na 2 HPO 4 (the pH value of tea infusion is ca. 6, and the catechins are more stable under acidic conditions). The total concentration of each catechin and caffeine was maintained at 5.0 mM, and the catechin-mole fractions were allowed to change from 0 to 1 in increments of 0.1. The concentration of 5.0 mM is virtually the limit of the solubility of ECg (3) in water (ECg (3) is the least soluble in water among the four tea catechins (2, 3, 4, and 5)). The values for Á . [1] 0 were plotted against the catechin-mole fraction, ½catechin=ð½catechin þ ½1 0 Þ, where [catechin] and [1] 0 are the initial concentrations of the catechin and caffeine (1), respectively, and Á is the shift (ppm) of C 8 -H of caffeine induced by the addition of each catechin. As illustrated in Fig. 2 , in every case, the resulting curve showed a maximum at a 0.5 mole fraction. Consequently, the stoichiometric ratios of the complexes between the catechins and caffeine (1) were revealed to be 1:1 at the 5.0 mM level. This result proves that the selfassociation of the catechins and caffeine does not need to be considered at least up to the concentration of 5.0 mM. Therefore, the concentration of the catechin 
Next, the binding constants of the catechin/caffeine complexes were estimated by the 1 H-NMR titration method. Twelve sample solutions in deuterium oxide buffered at pH 6 with respect to each catechin were prepared as the concentration of each catechin was changed from 0.000 to 5.00 mM against a constant concentration of caffeine (0.500 mM). Á obs of all protons on caffeine (N 1 -Me, N 3 -Me, N 7 -Me, and C 8 -H) at 301 K was plotted against the initial concentration of each catechin (Fig. 3) , where Á obs means the difference between the 1 H-NMR chemical shift ( obs ) of caffeine observed at each titration point and that ( g ) of free caffeine without catechin (i.e. Á obs ¼ obs À g ). As shown in Fig. 3 , all experimental points fitted the equation (eq. 3) for the standard binding isotherm for 1:1 complexation, giving the corresponding binding constants (K b ) through a nonlinear least-squares regression procedure. 32) In eq. 3, Á 11 is the difference between the 1 H-NMR chemical shift of caffeine ( 11 ) forming the 1:1 complex and g (i.e. Á 11 ¼ 11 À g ).
As listed in (AE20% error) for EC (5) . On the basis of these binding constants, the corresponding free energy values (ÀÁG) for binding were calculated to be 2.7 kcal/mol for EGCg (2), 2.6 kcal/mol for ECg (3), 2.2 kcal/mol for EGC (4), and 2.0 kcal/mol for EC (5) . It is presumed that the lower the concentration of the catechin or caffeine is, the less is the influence of the self-association. Therefore, a similar examination at the $2:0 mM level was attempted. The Job's plot proved that every catechin/caffeine system at this concentration was also a 1:1 complex, because the plotted curves showed a maximum at the 0.5 mole fraction. The binding constants of the gallate-type catechins/caffeine were estimated to be 89 M À1 (AE10% error) for EGCg (2) and 80 M À1 (AE30% error) for ECg (3) . Although these values equate with the values obtained at the $5:0 mM level, it must be noted that the errors at the $2:0 mM level were much larger than those at the $5:0 mM level. This tendency was so more remarkable for the nongallate-type catechins (for instance,
for the EGC (3)/caffeine complex) that the binding constants of the nongallate-type catechins/caffeine complexes estimated at the $2:0 mM level no longer seemed to be reliable. These large errors seem to have been caused by measurement errors from small changes in the proton chemical shifts at the $2:0 mM level. When the concentration of the nongallate-type catechins in the titration experiments at the $2:0 mM level changed from 0.00 to 2.00 mM, the chemical shift of the caffeine protons (0.500 mM) migrated upfield by only 0.01 ppm. In the case of the gallate-type catechins/caffeine, the upfield shift of the caffeine protons was 0.06-0.13 ppm under the same conditions. On the other hand, in the $5:0 mM level titration experiments, which did not include the large errors in the calculated binding constants, the corresponding shift of the caffeine protons was 0.13-0.28 ppm for the gallate-type catechins and 0.024-0.028 ppm for the nongallate-type catechins for a concentration change from 0.00 mM to 5.00 mM. Consequently, in order to satisfy both the accuracy of the chemical shift detection and to avoid the self-association of the substrates, titration experiment at the $5:0 mM level seems to be best suited for the determining the binding constants.
In a previous report, the affinity of the catech ins for caffeine and the proposed binding site have only been speculated upon on the basis of the extremely large chemical shift change of the galloyl group. 30) From the results in Table 1 , it is surely an obvious fact that the gallate-type catechins formed the more stable complexes with caffeine on account of the function of the galloyl group, in comparison with the nongallate-type catechins.
However, it is presumed that the nongallate-type catechins also bound with caffeine in spite of no galloyl group, because their binding energy was not small. Therefore, in order to investigate the binding sites of each catechin for caffeine in water, the 1 H-NMR chemical shift changes in the four catechins (2, 3, 4 and 5) by the addition of caffeine (1) were reexamined. Since any fluctuation of the 1 H-NMR signals caused by a change in pH or concentration must be avoided, the chemical shift changes in catechins (0.200 mM) were observed in deuterium oxide buffered at pH 6. Figure 4 shows the 1 H-NMR chemical shift changes in each catechin accompanying an increase in caffeine. The profiles of the two gallate-type catechins were similar. As was anticipated, the chemical shift changes in the protons on the galloyl groups were outstanding (0.15 ppm against the change of ½1=½catechin ¼ 0{2:0, where [1] and [catechin] are the initial concentrations of the catechin and caffeine (1), respectively). Therefore, it is almost certain that the galloyl group played an important role in the outstanding binding ability of the gallate-type catechins for caffeine. However, in terms of the only large chemical shift change in the galloyl group, it does not seem to be necessary to assume the binding sites of the gallate-type catechins for caffeine to be the only space formed by the galloyl group and the Bring. If the binding site is discussed from only the ------------------------------------------------------- chemical shift change, the shift change in the protons on the A-ring (ca. 0.04 ppm against the change of ½1=½catechin ¼ 0{2) is larger than that in the protons on the B-ring (ca. 0.01 ppm against the change of ½1=½catechin ¼ 0{2). Similarly, there was a close resemblance between the profiles of the two nongallate-type catechins as well as those of the two gallatetype catechins. In the case of the nongallate-type catechins, which are able to bind with caffeine in spite of no galloyl group, against changing [1]/[catechin] from 0 to 2, the shift changes in the protons on the Arings and B-rings were ca. 0.04 ppm and ca. 0.02-0.03 ppm, respectively. It was supposed from these results that all aromatic rings in the catechins participated in the complexation with caffeine. However, in order to observe more clearly the intermolecular interaction, NOESY experiments were attempted for the catechin/caffeine (1:1) systems.
As illustrated in Table 2 , NOEs in the EGCg (2)/ caffeine (1) system were observed between the protons (C 6=8 -H) on the A-ring of 2 and all protons of 1, in addition to between all protons on the galloyl group or the B-ring of 2 and all protons of 1, except for the combination between C 2 0 =6 0 -H of 2 and N 3 -Me of 1. In the case of the ECg (3)/caffeine system, NOEs were observed between C 6=8 -H of 3 and N 7 -Me of 1, in addition to between the protons on the galloyl group or the B-ring of 3 and all protons of 1, except for the combination between C 2 0 -H of 3 and C 8 -H of 1. On the other hand, concerning the nongallate-type catechins, NOEs were observed between the protons on both the Aand B-rings and the protons of caffeine. These results support the notion that all rings of catechins would participate in the binding with caffeine in water.
It is inferred from both the 1 H-NMR chemical shift changes in the catechins and the NOESY results that the catechin/caffeine complex does not have one specific stable structure, but several. Therefore, in the case of the gallate-type catechins, it is presumed that the space formed from the galloyl group and the A-ring would be one candidate of the binding site for caffeine as well as the space proposed by Maruyama et al. 30) which is formed from the galloyl group and the B-ring. Furthermore, there might be some binding directions of the caffeine molecule for the catechin molecules. With regard to the nongallate-type catechins, there also seem to be some binding modes of caffeine for the A-ring or the B-ring.
In conclusion, we were able to estimate for the first time the stoichiometric ratios, binding constants, and free energy of binding in water for the complexation between the four major tea catechins and caffeine by titration experiments with 1 H-NMR, these being carried out at low concentrations in order to avoid the selfassociation of both the catechins and caffeine. It was found that, although the gallate-type catechins had greater than the nongallate-type catechins affinity for caffeine owing to the galloyl group, the nongallate-type catechins could also bind with caffeine in water. Moreover, from the investigation of the 1 H-NMR chemical shift change and the NOESY experiments on the catechin/caffeine systems, it was shown that the participation of all aromatic rings in the catechins was important for complexation. This seems to mean that the complexes have several stable structures. These findings Table 2 . NOESY Signals for the Catechin/Caffeine Systems in Deuterium Oxide Solid circle, cross peak; hollow circle, no cross peak. A dash represents a combination which is unclear as to whether the cross peak exists or not owing to a neighboring large signal. 
